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Abstract
In this paper, Photovoltaic (PV) based Dynamic Voltage Restorer (DVR) is proposed to handle deep voltage sags, 
swells and outages on a low voltage residential distribution system. The PV based DVR can recover sags up to 10%, 
swells up to 190% of its nominal value. Otherwise, it will operate as an Uninterruptable Power Supply (UPS) when 
the utility grid fails to supply. PV based DVR system is comprised of PV System with low and high power DC-DC 
boost converter, PWM voltage source inverter, series injection transformer and semiconductor switches. Simulation 
results proved the capability of the proposed DVR in mitigating the voltage sag, swell and outage in a low voltage 
distribution system.
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1. Introduction
Dynamic Voltage Restorer (DVR) can provide the most cost effective solution to mitigate voltage 
sags, swells and outages by establishing the proper voltage quality level that is required by sensitive 
loads. Problems facing industries and residential regarding the power qualities are mainly due to voltage 
sag, voltage swells and power interruptions. This may occur in developing countries, where the generated 
electrical power is less then the demand. The above-mentioned power quality problems may disturb the 
process of production in industries and residences, resulting in equipment damage and loss of revenue.
Voltage sag is a sudden reduction of utility supply voltage which may vary from 90% to 10% of its 
nominal value. On the other hand, voltage swell is a sudden rise of supply voltage which may vary from 
110% to 180% of its nominal value. According to the IEEE 519-1992 and IEEE 1159-1195 standards, a 
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typical duration of voltage sag and swell is 10 ms to 1 minute [1]. The outage refers to an interruption of 
power for long duration. Many research works have been carried out focusing in the design and control of 
DVR [2] – [5]. The voltage sags and swells often caused by starting of large induction motors, energizing 
a large capacitor bank and faults such as single line to ground fault, three phase to ground fault, double 
line to ground fault on the power distribution system. Voltage sag and swell in power systems produce an 
important effect on the behavior of sensitive loads. In general, the voltage injection from DVR 
compensates the voltage sag, swell and outage. However, it needs a high capacity DC storage system. In 
the proposed DVR design, a PV system with low and high power DC-DC boost converters are 
incorporated to function as a high capacity DC voltage source. 
This Paper presents a simulation model of a PV based dynamic voltage restorer capable of handling 
10% voltage sags, 190% of voltage swells and outages on a low voltage distribution system. In the 
daytime, DVR will act as online UPS to feed the generated power in PV system to battery and load [6].
2. Proposed DVR
The block diagram of the proposed PV based DVR is shown in Fig.1. The proposed system mainly 
consists of a photovoltaic array, low and high power DC/DC boost converters, battery, PWM inverter, 
series injection transformer, and semiconductor switches S1, S2, S3, R1 and R2.
             
Fig.1. Block Diagram of the proposed PV based DVR.                                               Fig. 2 In-phase compensation
An injecting transformer is connected in series with the load for restoring sag and swell, and is 
reconfigured into parallel connection using switches S1, S2 and S3 when handling outage [7]. A DVR can 
compensate voltage drop across a load by injecting a voltage through a series injection transformer [8]. 
The injected voltage is in phase with supply voltage, as shown in Fig. 2.
In normal condition, the supply voltage is equal to the load voltage with zero angle. During sag, the 
supply voltage decreases to a value less than its nominal value. The DVR reacts to the sag event and 
injects a compensating voltage injV in phase with the supply voltage to restore the voltage at nominal 
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value. This method is very simple to implement, very fast especially in calculating the DVR 
compensating voltage. The injected voltage of a DVR (VDVR) can be expressed as
               
(1)
The inverter is a core component of the DVR. Its control will directly affect the dynamic performance 
of the DVR. A sinusoidal PWM (SPWM) scheme is used. The carrier waveform is a triangular wave with 
higher frequency (1080 Hz). The modulation index varies according to the input error signal from the PI 
controller. The basic idea of SPWM is to compare a sinusoidal control signal of normal frequency 50 Hz 
with a triangular carrier signal. When the control signal is greater than the carrier signal, the switches 
turned on and their counter switches are turned off. The output voltage of the inverter mitigates the sag, 
swell and outage. The DC voltage might be used from PV array if available. Otherwise, the   line voltage 
is rectified and the DC energy is stored in batteries. 
3. Photovoltaic Array Modeling  
PV array is a system which uses two or more solar panels to convert sunlight into electricity. 
Photovoltaic array is a linked collection of solar cells. The use of new efficient photovoltaic solar cells 
has emerged as an alternative source of renewable green energy conversion. In the proposed DVR, PV 
array provides a DC source for the DVR. The electrical system powered by solar array requires DC/DC 
converter due to varying nature of the generated solar power resulting from sudden changes in weather 
conditions which change the solar irradiation level as well as cell operating temperature. Solar arrays are 
built up with combined parallel/series combination of solar cells. The PV array is designed and modelled 
with a low step up boost converter to charge the batteries. 
The PV model is developed using basic equations of photovoltaic cells including the effects of 
temperature changes and solar irradiation [9]-[11]. The PV cell output voltage is a function of the photo 
current that mainly determined by load current depending on the solar irradiation level during the 
operation. The solar cell output voltage is shown in equation (2).
        
(2)
where, 
e - Electron charge (1.602 .
cV – Cell output voltage in volts.
phI - Photo current (10 A).
0I – Reverse saturation current of diode (0.0002 A).
k – Boltzmann constant (1.38 /0k).
cI – Cell output current in A.
sR – Solar cell internal resistance (0.001 ).
cT - Operating temperature of the reference cell (40 
0c).
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When the irradiation and ambient temperature change, the solar cell operating temperature also 
changes, resulting in a new output voltage and a new photo current. The solar cell operating temperature 
varies as a function of solar irradiation level and ambient temperature. The effect of temperature 
variations are represented in the model by the temperature coefficients CTV and CTI.
       
(3)
        
(4)
where, = 0.004 and = 0.006 for the cell used and aT =40
0c is the reference ambient temperature. xT
is atmospheric ambient temperature. The change in the photocurrent and operating temperature due to 
variation in the solar level can be expressed as follows.
       
(5)
       
(6)
where, 
cS - reference solar irradiation level (100 W/m
3).
xS – new level of solar irradiation.
The new value of cell output voltage and photo current can be expressed as follows.
VCX = CTV CSV VC       
(7)
Iphx = CTI CSI Iph
(8)
The temperature change, 
cT , occurs due to the change in solar irradiation level.
cT =
A functional block diagram of photovoltaic (PV) array is shown in Fig.3
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Fig.3. Functional block diagram of photovoltaic array.
4. DC/DC Converter
A DC-DC converter is an electronic circuit to convert a source of DC voltage from one level to another 
level. Additionally, the battery voltage declines as its stored power is drained. Switched DC to DC 
converters offer a method to increase voltage from a partially lowered battery voltage thereby saving 
space instead of using multiple batteries to accomplish the same thing and it regulates the DC voltage.
4.1. Low Power DC-DC Boost Converter.
In the boost converter, the output voltage is greater than the input voltage [12]. A low step up DC-DC 
converter is shown in Fig.4. Its main function is to regulate the output voltage of the PV array.
     
Fig.4. Circuit diagram of low step up DC-DC converter            Fig.5 High step up DC-DC converter
The circuit operation can be divided into two modes.
When the switch S is on, the diode Dm is reverse biased by switch and Vc, thus isolating the output 
stage. The input current (is), which raises, flows through inductor L and switch S. The input supplies 
energy to the inductor during on period (Ton). The voltage across the inductor (L) in mode 1 is shown in 
equation (9).
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(9)
When the switch S is off, the inductor current is forced to flow through the diode Dm and load for a 
period Toff. As the current tends to decrease, polarity of the emf induced in inductor L is reversed and it is 
connected in series with voltage source Vs and load through diode Dm. The output voltage Vo in mode 2 is 
expressed in equation (10).
     
(10)
The average output voltage of the converter is depicted in equation (11).
                  
(11)
where,
D – Duty Cycle, Ton – On time, Toff –  Off time. 
4.2. High Power DC-DC Boost Converter.
The output voltage level of the low power DC-DC converter and batteries are low. Hence, it is not 
sufficient to inject the required amount of voltage to load to mitigate voltage sags, swells and outages. For 
that a high step up DC-DC converter is used to step up the low power dc to high power dc. It is connected 
in between batteries and PWM voltage source inverter. 
Fig. 5 shows the circuit diagram of high step up DC-DC converter [13]-[16].
The main operating principle of this converter is that when the switch S is turned on, the coupled 
inductor induces voltage on the secondary side and magnetic inductor Lm is charged by Vin. The induced 
voltage in the secondary makes Vin, Vc1, Vc2 and Vc3 to release energy to the load in series. When the 
switch S is turned off, the energy stored in the magnetic inductor Lm is released via secondary side of 
coupled inductor to charge the capacitors C2 and C3 in parallel. The proposed converter operation can be 
divided into five mode of operation [13]. The output equation of high step up DC-DC converter is shown 
in equation (12).
      
(12)
where,
1cV – Voltage across the capacitor 1C in voltage.
2cV – Voltage across the capacitor 2C in voltage.
3cV – Voltage across the capacitor 3C in voltage.
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–Voltage across the secondary of the coupled inductor (Ns) in mode II.
      
(13)
      
(14)
      
(15)
where, 
k - Coupling coefficient (k = ).
n - Coupled inductor turns ratio ( ).
D – Duty Cycle ( ).
or
     
(16)
     
(17)
5. Simulation Results and Discussions
A 3 KVA, 230/230V transformer is used for connecting the DVR to the network. The proposed DVR 
model is simulated by MATLAB simulink to compensate voltage sag, voltage swell and outages at the 
source side. 
The total simulation period is 1 sec. Using the facilities available in MATLAB the DVR is simulated 
to be in operation only when the supply voltage differs from its nominal value. Otherwise, the DVR will 
act as online ups when the PV array output is greater than 6V. It reduces the energy consumption from the 
utility grid.
During the night times the output voltage of the PV array is too low. At that time, the batteries get the 
charge from the rectifier. A programmable three phase voltage source is used to provide the single phase 
variable voltage at the source end. The first simulation contains no DVR, a reduced voltage (184 V) is 
applied, during the period 0.1 sec to 0.2 sec,  a raised voltage (276 V)  is applied, during the period 0.7 
sec to 0.8 sec and zero voltage (0V) is applied, during the period 0.3 sec to 0.6 sec, as presented in Fig. 6
(a). The voltage sag and swell at the source point is 30% and 20% with respect to the reference voltage. 
The injected voltage, load voltage and load current of the DVR are shown in Fig. 6 (b), Fig. 6 (c) and Fig 
6 (d).
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(a) Supply Voltage                                                               (b) Injected Voltage
(c)Load Voltage                                                                    (d)Load Current
Fig. 6 Supply voltage, Injected voltage, Load voltage and Load Current
The PV array consists of 9 PV cells, all connected in series to have a desired voltage output. 
Depending on the load power required, the number of parallel branches can be increased to 9 or more 
[17]. PV array with boost converter can give greater output voltage. Fig.7 (a) and Fig 7 (b) show PV array 
voltage without and with boost converter, respectively.
(a) PV array output voltage without low power boost converter        (b) PV array output voltage with low power boost converter
Fig. 7 PV array output voltage without and with boost converter
Two lead acid batteries with 12 V, 88 Ah are connected in series to obtain 24 V. Fig.8 (a) and Fig. 8
(b) shows the discharge characteristic of the battery.
    
        (a)Nominal Current Discharge Characteristics                 (b)Discharge Characteristics for various output current
Fig. 8 Battery Characteristics
The high power boost converter specifications are:
[1] Input DC voltage Vin = 24 V.
[2] Output DC voltage Vo = 230 V.
[3] Maximum output power = 4 KW.
[4] Switching frequency = 25 kHz.
[5] Lm = 48 µH, Lk = 0.25 µH.
[6] C1 = 3.151 µF / 100V, C2 = C3 =1.062 µF / 200 V and C0 = 500 µF /450V. 
Fig. 9 shows the output voltage of the high power boost converter. The converter is operated in 
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continuous conduction mode (CCM). Under the full load operating condition Vin=24V, V0=230V and 
Po=2.3KW. A control circuit is incorporated with the proposed converter to regulate the output voltage at 
230V. 
Fig. 9 Output voltage of the high step up DC-DC converter
6. Conclusion
The design of a Dynamic Voltage Restorer (DVR) which incorporates a PV array module with low 
and high power boost converters as a DC voltage source to mitigate voltage sags, swells and outages in 
low voltage single phase distribution systems has been presented. The modeling and simulation of the 
proposed PV based DVR using MATLAB simulink has been presented.  The PI controller utilizes the 
error signal from the comparator to trigger the switches of an inverter using a sinusoidal PWM scheme. 
The proposed DVR utilizes the energy drawn from the PV array and the utility source during normal
operation and stored in batteries and which is converted to an adjustable single phase ac voltage for 
mitigation of voltage sag, swell and outage. The simulation result shows that the PV based DVR 
performance is satisfactory in mitigating the voltage variations.
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